Darling RA, Zhao H, Kinch D, Li A-J, Simasko SM, Ritter S. Mercaptoacetate and fatty acids exert direct and antagonistic effects on nodose neurons via GPR40 fatty acid receptors. Am J Physiol Regul Integr Comp Physiol 307: R35-R43, 2014. First published April 23, 2014 doi:10.1152 doi:10. /ajpregu.00536.2013 is a drug known to block mitochondrial oxidation of medium-and long-chain fatty acids (FAs) and to stimulate feeding. Because MA-induced feeding is vagally dependent, it has been assumed that the feeding response is mediated by MA's antimetabolic action at a peripheral, vagally innervated site. However, MA's site of action has not yet been identified. Therefore, we used fluorescent calcium measurements in isolated neurons from rat nodose ganglia to determine whether MA has direct effects on vagal sensory neurons. We found that MA alone did not alter cytosolic calcium concentrations in nodose neurons. However, MA (60 M to 6 mM) significantly decreased calcium responses to both linoleic acid (LA; 10 M) and caprylic acid (C8; 10 M) in all neurons responsive to LA and C8. GW9508 (40 M), an agonist of the FA receptor, G proteincoupled receptor 40 (GPR40), also increased calcium levels almost exclusively in FA-responsive neurons. MA significantly inhibited this response to GW9508. MA did not inhibit calcium responses to serotonin, high K ϩ , or capsaicin, which do not utilize GPRs, or to CCK, which acts on a different GPR. GPR40 was detected in nodose ganglia by RT-PCR. Results suggest that FAs directly activate vagal sensory neurons via GPR40 and that MA antagonizes this effect. Thus, we propose that MA's nonmetabolic actions on GPR40 membrane receptors, expressed by multiple peripheral tissues in addition to the vagus nerve, may contribute to or mediate MA-induced stimulation of feeding. calcium imaging; nodose ganglion; G-protein coupled receptor 40; fatty acids; ␤-mercaptoacetate AGENTS THAT REDUCE METABOLISM of fatty acids (FA), a major metabolic fuel for peripheral tissues, induce robust feeding responses (12, 64). These agents include ␤-mercaptoacetate (MA), which antagonizes fat oxidation by blocking mitochondrial acyl-CoA-dehydrogenase (2, 3), and methyl-palmoxirate, which inhibits fat oxidation by antagonizing the mitochondrial long-chain fatty acid transporter, carnitine palmitoyltransferase 1 (CPT1). Etomoxir, which also blocks CPT1 (72), has been shown to stimulate feeding in humans (33), as well as in rats (23). Moreover, MA-induced feeding is antagonized by infusion of nutrients, including lipids, glucose, and fructose, further suggesting a metabolic mechanism of action (67). These and other observations have led to the concept of a "lipoprivic" control of food intake (41, 43, 62), which has been widely accepted as an important control of ingestive behavior.
visceral afferent pathway in the brain that includes the nucleus of the solitary tract (63) , lateral parabrachial nucleus (9) , and central nucleus of the amygdala (60) . Nevertheless, the peripheral site(s) at which MA exerts its actions to stimulate feeding remains unresolved. The liver has been suggested to be the detection site (39, 40) , but not all data are consistent with this view (37, 38, 50, 59 ). An alternative hypothesis has been put forth recently suggesting the intestinal enterocyte as the receptor cell that communicates fatty acid oxidation status to vagal afferent nerve endings (38, 40) . Data showing that intestinal or portal vein infusions of FAs alter the firing of vagal neurons (35, 54, 55) and reduce food intake by a vagally dependent mechanism (49, 75, 76) are consistent with this hypothesis.
In the present set of experiments, we examined an alternative or additional mechanism through which MA might alter vagal function; that is, by acting directly on vagal sensory neurons. We measured cytosolic calcium responses of isolated vagal afferent neurons from the nodose ganglia using calcium imaging techniques. The advantage of this approach is that the actions of applied compounds can unequivocally be attributed to a direct action on the cultured neuron. We found that while MA had no direct effect on calcium signaling in vagal neurons by itself, it was capable of blocking the calcium signal induced by FA. Our findings suggest that these FA-induced responses are mediated by G protein-coupled receptor 40 (GPR40), a recently described plasma membrane receptor responsive to FAs (7, 16, 27, 28) . These findings suggest that MA has additional actions besides inhibition of FA oxidation and that these other actions need to be considered as potential mechanisms underlying MA's various physiological effects, including MA-induced feeding.
MATERIALS AND METHODS
Cell isolation and culture. Nodose ganglia were collected from male Sprague-Dawley rats purchased from Simonsen Laboratories (Gilroy, CA). Rats were housed in a facility approved by the Association for Assessment and Accreditation of Laboratory Animal Care. They were maintained on a 12:12-h light-dark schedule with ad libitum access to standard pelleted rodent chow and tap water prior to tissue collection. All experimental procedures were approved by Washington State University Institutional Animal Care and Use Committee, which conforms to the National Institutes of Health's guidelines.
Nodose ganglia were removed from anesthetized rats (ketamine 25 mg/100 g, xylazine 2.5 mg/100 g) under aseptic conditions and placed in ice-cold Hanks' balanced salt solution (HBSS). The ganglia were cleaned of connective tissue and desheathed. For each rat, both left and right ganglia were combined into a single isolation. Nodose cells were dissociated according to a procedure described by Zhao and Simasko (77) . Briefly, the desheathed ganglia were washed once in HBSS, placed in ϳ3 ml of digestion buffer (1 mg/ml dispase II and 1 mg/ml collagenase type Ia in Ca 2ϩ -and Mg 2ϩ -free-HBSS), sliced into ϳ1-mm 3 fragments using a sterile scalpel blade, and placed in an incubator at 37°C to digest for 120 min. At the end of the digestion, the cells were dispersed by gentle trituration through Pasteur pipettes coated with Sigmacote. The dispersed cells were then washed in HEPES-buffered Dulbecco's modified eagle's medium (HDMEM), supplemented with 10% FCS and antibiotic (penicillin-streptomycin). After the final resuspension, the cells were plated onto poly-L-lysinecoated coverslips (100 g/ml polylysine) for 45 min and grown in HDMEM with 10% FCS at 37°C in an atmosphere of 5% CO 2-95% air. All experimental procedures were conducted on the day following collection of the nodose ganglia. Calcium measurements. Intracellular calcium concentrations were determined by ratiometric measurements with Fura-2 AM. All manipulations and experiments were performed at room temperature in a physiological salt solution (in mM: 140 NaCl, 5 KCl, 2 CaCl 2, 1 MgCl 2, 6 glucose, and 10 HEPES, with the pH adjusted to 7.4 with Tris base) (standard bath). Cells on coverslips were washed in standard bath and then allowed to take up Fura-2 AM (1 M) for 30 min, followed by a 30-min wash period. Coverslips were then mounted in a closed chamber (ϳ0.3 ml) through which solutions were perfused by gravity (ϳ3 ml/min). Solution changes were made by switching inflow lines through a common manifold (new solutions reach cells ϳ15 s after switch). Chambers were mounted on the stage of a Nikon TE2000-inverted microscope and examined with a 40ϫ oil immersion lens. Cells were alternatively exposed to 340-and 380-nm light, and images were collected through a 510-nm filter with a charge-coupled device camera (CoolSnap HQ, Photometrics, Tucson, AZ). Image pairs were captured every 6 s, and ratios of fluorescent intensities at the two excitation wavelengths were obtained from regions over individual cells. Data collection and manipulations were performed with MetaFluor Software (Universal Imaging, West Chester, PA). Calcium concentrations were then determined by comparing ratio values to a standard curve obtained in a bath containing 10 M Fura-2, 130 mM KCl, 10 mM MOPS buffered to pH 7.4 with KOH, 10 mM EGTA, and various concentrations of CaCl2 (0 to 10 mM). Free calcium concentrations were calculated using the computer program EQCAL (Biosoft, Ferguson, MO).
Cell selection and experimental protocols. Nodose neurons are easily identified and selected on the basis of their large, round cell bodies. Nonneuronal cells have spindle or filamentous shapes. To be included in the data set for analysis, a neuron needed to maintain a basal calcium level below 200 nM, and induced calcium increases needed to be transient and return to near basal levels. Finally, at the end of every experiment, cells were depolarized with 55 mM K ϩ (high K ϩ , reciprocal reduction in bath Na ϩ ). Any cells that did not exhibit a reversible calcium increase of at least 40 nM in response to high K ϩ were excluded from further analysis. Challenge solutions were applied for 1-3 min as indicated. Repeated challenges were separated by 2-3 min, unless recovery from a previous response required additional time or as noted. For each experimental protocol, nodose cells from at least three different isolations were used.
RT-PCR. Total RNA was isolated from rat pancreas or whole nodose ganglia using RNAqueous-4PCR Kit (Ambion, Austin, TX). Genomic DNA contamination was removed by digestion with RNasefree DNase I at 37°C for 30 min. First-strand cDNAs were synthesized by incubating the total RNA (0.1 g) with random decamers or oligo(dT) primers, RNase inhibitor, and Moloney murine leukemia virus RT for 1 h at 42°C. For single-cell PCR, cultured nodose neurons were collected into 11 l of lysis buffer using sterile glass pipettes, and the single-cell lysate was then treated with DNase I (Cell-to-cDNA II kit; Ambion). After deactivating DNase I, RT reaction was initiated according to the instruction manual (77) .
PCR was performed using specific primer pairs for rat GPR40 (gene accession no. AB095744). The forward primer was 5=-ACC AGT TCC CTG GGC ATC AAC ATA-3= and the reverse primer was 5=-ACC AAG GGC AGA AAG AAG AGC AGA-3=. The PCR product size was 125 bp. Positive controls were total RNA from rat pancreas, which has a high expression of GPR40. All amplifications (40 l) were performed in PCR buffer containing 1.5 mM MgCl2 and 125 M dNTPs, 0.25 M of each primer, and 25 units/ml Taq DNA polymerase (Invitrogen). Reactions were performed as follows: 5 min at 95°C, 45 cycles at 95°C for 45 s, annealing temperature at 60°C for 45 s, 72°C for 1 min, and final extension at 72°C for 5 min. PCR products were analyzed by electrophoresis on a 2% agarose gel containing ethidium bromide. The RT products without RT were used as a negative control. For single-cell PCR, PGP9.5 (Protein Gene Product 9.5; gene accession no. NM017237) was used as a neuronal marker. Only single-cell samples positive for PGP9.5 were included in the final analysis. The primers for PGP9.5 were 5=-CCT GCT GCT GCT GTT TCC-3= (forward) and 5=-TGT CCC TTC AGT TCC TCA ATT T-3= (reverse).
To confirm the DNA sequence of the PCR product, the resulting PCR products were extracted from agarose gel by using QIAquick gel extraction kit (Qiagen, Valencia, CA). Then the sequences were determined by a fluorescence labeled dye-terminator reaction using the BigDye terminator system.
Chemicals. Media components (DMEM, FCS, and antibiotics), HBSS (and Ca 2ϩ -and Mg 2ϩ -free-HBSS), and Fura-2 AM came from Invitrogen (Carlsbad, CA). Dispase was purchased from Roche (Indianapolis, IN). NaCl, KCl, and CaCl2 are from JT Baker (Philipsburn, NJ). GW9508 and diazoxide were purchased from Tocris Bioscience (Ellisville, MO). CCK octapeptide 26 -33 was purchased from Peptides International (Louisville, KY). All other agents [collagenase, mercaptoacetate (MA), caprylic acid (C8), linoleic acid (LA), capsaicin, serotonin (5HT), poly-L-lysine, and other buffer components] were purchased from Sigma (St. Louis, MO). The LA preparation contained methyl-␤-cyclodextran (MbC) to improve water solubility (Sigma catalog no. L5900).
Data analysis. Calcium responses to the various challenges are expressed as the change in cytosolic calcium from a basal value (⌬calcium). Basal values were determined from the period just prior to exposure of the challenge solution. In some cases, percent inhibition was based on the reduced level from a peak response (blocker added during the response) or, in other cases, it was based on percent inhibition compared with a control response (response with and without inhibitor present) Summarized results are averages Ϯ SE. To be included as a responsive cell, the ⌬calcium needed to be at least 20 nM, as this level of change greatly exceeded typical background fluctuations (Ͻ5 nM). Statistical comparisons of responses within the same neuron were performed by a paired t-test. Comparisons between neurons or effects of different agents were tested by a t-test if only two results were compared, or an ANOVA with the Holm-Sidak test was used for post hoc comparisons when more than two responses were compared. Tests for the significance of distributions of responsive neurons were done with a 2 analysis. Statistical significance was considered if P Ͻ 0.05.
RESULTS

LA and C8 increase cytosolic calcium in nodose neurons via
an MA-sensitive pathway. Acute application of the long-chain FA, LA (10 M), and the medium-chain FA, C8 (10 M), significantly increased cytosolic calcium from basal levels ( Fig. 1 ). The calcium response had a rapid onset, reached peak amplitude relatively slowly, and was reversible following washout of the FA (Fig. 1, A and B ). Fig. 1C shows an example of a nodose neuron that was nonresponsive to LA, but that still exhibited the expected response to high K ϩ , indicating that the nonresponsiveness was not due to an unhealthy neuron. On average, the responses to LA and C8 were not different (LA: 105 Ϯ 10 nM; n ϭ 78; C8: 83 Ϯ 12 nM; n ϭ 27), and the percentage (ϳ25%) of neurons responsive to C8 and LA did not differ (Fig. 1D) . MbC was used in LA solutions to improve LA's water solubility. The highest concentration of MbC in LA solutions in the experiments was 8.4 g/ml. We tested the effect of MbC at 10 g/ml on calcium response. MbC (2 to 3 min) treatment had no effect on calcium influx, as the average of ⌬calcium was 15 Ϯ 6 nM after MbC treatment, while the same cells responded to 10 M LA with an average of ⌬calcium 200 Ϯ 32 nM (n ϭ 10 responding cells from a total of 31 nodose cells).
Bath application of MA alone (6 mM) did not alter calcium in 65 neurons tested (representative responses in Fig. 2 , A and C). However, when MA was applied during a response to LA ( Fig. 2A) or C8 (Fig. 2C) or coadministered with LA (Fig. 2E) , there was a rapid and rapidly reversible decline of calcium levels (summarized in Fig. 2, B and D) . MA suppressed the ongoing calcium response to LA or C8 only while present in the medium. MA inhibited the calcium increase induced by either LA or C8 in every neuron in which MA was tested. A dose-response study of the effects of MA indicated that 60 M MA had a significant effect on the response induced by LA (Fig. 2E) . Since responses to C8 and LA did not differ, we conducted the remaining experiments using LA as the stimulus. In addition, we used 6 mM MA in the remaining work, to ensure that we were observing maximal effects of MA on the induced responses.
Effect of diazoxide on the LA response. Often, the link between metabolism and cell activation is closure of the ATP-regulated K ϩ channel (K ATP ), when the cell is given a metabolic substrate (31) . To determine whether this mechanism plays a role in the calcium response to LA, we examined the effect of the K ATP channel opener, diazoxide (78) on this response. We found that diazoxide did not significantly reduce the calcium response induced by LA (Fig. 3, A and B) , indicating that the response of nodose neurons to LA does not require closure of the K ATP channel.
GW9508 stimulates LA-responsive cells and the response to GW9508 is inhibited by MA. We next investigated the possibility that nodose neuron responses to FAs are mediated by GPR40, a cell surface receptor that has been shown to mediate FA responses in other systems (7, 11, 28) . We found that the GPR40 agonist, GW9508 (6), stimulated a rapid and reversible increase in cytosolic calcium (Fig. 4A) . The average response to GW9508 was approximately the same as the response to LA (Fig. 4B) . Responsiveness to LA and GW9508 was highly correlated (21 of 26 neurons responsive to GW9508 also responded to LA, and 21 of 23 neurons responsive to LA also responded to GW9508; Fig. 4C ). This further suggests that LA and GW9508 share a common mechanism, the GPR40 receptor, for stimulation of nodose neurons. Because overlap between LA and GW9508 responses suggested a common mechanism of action between these agents, and MA inhibited the response to LA, we next tested whether MA could also inhibit the response to GW9508. We found that MA significantly inhibited calcium responses induced by GW9508 (Fig. 5, A and B) and that this inhibition occurred in every neuron tested with GW9508 and MA. This suggests that MA inhibits calcium responses to LA and GW9508 by acting at the GPR40 receptor. In a separate experiment, the effects of repeated GW9508 challenges on calcium responses were measured. In cells that responded to GW9508 (12 of 39) there was no sign of densensitization between responses (40 M, 2 min each; Fig. 5, C and D) .
Identification of GPR40 gene in nodose neurons. As shown in Fig. 6 , the presence of PCR product corresponding to rat GPR40-encoding sequence was detected in both whole nodose ganglia and single-cell cultured nodose neurons, as well as in the pancreas. The GPR40 gene was positively identified in 2 of 30 cells (7%) analyzed with single-cell PCR, confirming its presence in a subpopulation of nodose neurons. The sequences of PCR products were confirmed by DNA sequencing after extraction of PCR products from the agorose gel.
Effects of MA on other agents that induce calcium responses. The ability of MA to reduce GW9508-induced responses suggested that the effect of MA is likely mediated by disrupting GPR40-induced activation of nodose neurons. To determine whether the effect of MA is selective for this pathway, we examined MA's effects on the calcium response induced by agents that cause cytosolic calcium to increase via a different G protein receptor (other than GPR40) or by a non-G protein-mediated pathway. We found that MA did not alter the calcium response to CCK (Fig. 7A) , which is mediated by a different G protein receptor (71) . Similarly, MA had no effect on the response to capsaicin (Fig. 7B) , which is mediated by the transient receptor potential vanilloid 1 (TRPV1) receptor (17, 51) and did not impair the calcium response to a Hi-K ϩ , which opens voltage-gated ion channels (Fig. 7C) . 5HT3 receptors, which are ligand-gated ion channels (69) , are expressed by vagal neurons (26, 34) , and previous data have shown an increase in calcium in response to 5HT in the isolated nodose neurons (66) . MA did not significantly impair the 5HT-induced calcium response (Fig. 7D) . The percent inhibition by MA of these various agents on cytosolic calcium responses to these agents is summarized in Fig. 7E . 
DISCUSSION
Mercaptoacetate has been widely used to investigate control of food intake. This compound stimulates feeding by mechanisms dependent on an intact abdominal vagal afferent innervation. Because MA blocks mitochondrial acyl-CoA dehydrogenase (2, 3), it has been assumed that blockade of FA oxidation is the action responsible for its stimulatory effect on feeding. Indeed, this assumption is supported by a variety of evidence (43) . We found, however, that both FAs and MA are capable of altering the responses of a subset of vagal sensory neurons by actions that appear to be mediated at the level of the cell membrane. Both LA and C8, as well as the GPR40 selective agonist, GW9508, increased cytosolic calcium levels in isolated nodose neurons. MA alone did not alter calcium levels. However, MA blocked FA-induced responses in all FA-responsive neurons tested, as well as blocking responses to GW9508. Use of cultured neurons in this work makes it likely that effects that we observed result from a direct action of these compounds on the neurons themselves, rather than from the release or action of other bioactive substances present in tissue or whole animal preparations or from activation of nonvagal cells.
Although it appears that certain neurons are able to oxidize fat (32, 36) , neurons in general do not utilize fat as a substrate for energy metabolism. For this reason, a direct metabolic action of MA on nodose neurons would not necessarily be expected. However, we explored this possibility in our experiments by the use of diazoxide. Alterations in membrane potential following metabolic perturbations are often mediated by changes in the cellular ATP/ADP ratio. Mitochondrial oxidation of fuels, including fat, increases the ATP/ADP ratio within the cell, thereby closing the K ATP channels, depolarizing the cell, and opening voltage-dependent calcium channels (1, 31) . As a K ATP channel opener, diazoxide would be expected to produce a hyperpolarizing effect and inhibit or reduce FA-induced calcium influx in nodose neurons, as it has been shown to do in pancreatic ␤-cells (57). However, diazoxide had no effect on the FA-induced increase in cytosolic calcium in nodose neurons. This result is not due to the absence of this channel in nodose neurons, since effects of glucose on glucoseexcited nodose neurons have been shown to be mediated by the K ATP channel (15) . Our finding that FA effects in nodose neurons are independent of this channel suggests that these effects do not require changes in ATP levels in these neurons.
The (17, 51) . Furthermore, MA did not attenuate calcium responses of nodose neurons to CCK, a hormone that binds to a G protein receptor, but not GPR40 (71) . This result suggests that MA acts on a specific and limited population of G protein-coupled receptors that are responsive to FAs.
The compound GW9508 is an agonist of GPR40 (6), a member of a larger family of G protein-coupled receptors that responds directly to FAs (7, 8, 28, 52, 66) . GPR40 (7, 28) and GPR120 (20, 28, 53) respond to both medium-and long-chain FAs, as well as saturated FAs, and have been reported in pancreatic islets, intestinal enteroendocrine cells (19) , taste cells (10) , and brain (4, 47, 48) . Receptors responsive to short-chain FAs include GPR41 and GPR43 (8, 52) , which are expressed in adipocytes and immune cells, respectively. FA stimulation of GPR40 in pancreatic cells (13, 27, 28) causes an increase in cytosolic calcium levels. Similarly, we found that GW9508 increased calcium levels in nodose neurons, mimicking the effect of LA, and this action was almost exclusively on Fig. 7 . The effect of MA (6 mM) on calcium responses induced in nodose neurons by CCK (10 nM), capsaicin (100 nM), and high K ϩ and 5HT (10 M). Panels show representative traces of the calcium responses elicited by each individual drug alone, by the drug in the presence of MA, and by the drug alone after recovery for CCK (A; n ϭ 7), capsaicin (B; n ϭ 5), high K ϩ (C; n ϭ 16), and 5HT (D; n ϭ 9). Summary of effects are shown in E. MA did not significantly alter the calcium response to any of these drugs alone. a mutual population of neurons. The effects of GW9508 and LA on cytosolic calcium levels were both blocked by MA. Further evidence for this conclusion comes from our observation that we could measure messenger RNA for GPR40 in the nodose and that via single-cell RT-PCR measurements, we found GRP40 message in cells positively identified as neurons via expression of PGP9.5. Together, these results suggest that MA reduces the calcium response to FA in nodose neurons by actions at the level of the GPR40 membrane receptor, an effect that would not require fat metabolism for signaling. However, at this time we are not able to exclude the possibility that MA may also exert effects on the related FA receptor, GPR120, since the available agonists and antagonists for GPR40 and GPR120 receptors are not totally selective. Both of these receptors interact with long-and medium-chain FAs, and both are classified as G q receptor types (25) .
We found that MA alone does not induce a Ca 2ϩ influx in nodose neurons; rather, it blocks FA-induced Ca 2ϩ influx, which appears to contradict previous electrophysiological results showing that MA activates vagal neurons in vivo (46) . However, in the in vivo experiments, intraportal administration of MA at doses within the range of those used in our tissue cultures produced a very slowly developing response (a delay of 10 -30 min), while the effect of MA that we observed was immediate. This delay may indicate that the stimulation they observed was a result of indirect effects of MA that would not be present in cultured nodose neurons. Indeed, the novel action of MA at GPR40 receptors that we describe here indicates a probable widespread action of MA, not only on nodose neurons, but also on GPR40 receptors in other cell types. Significantly, recent work has shown that GPR40 mediates CCK (44) and GLP-1 (73) secretion in response to FA, and the enhancement of glucose stimulated insulin secretion by FA (27, 28) . In other words, the results reported here strongly suggest that an important mechanism underlying MA-induced feeding is likely to arise from its effects on FA signaling at enteroendocrine and pancreatic GPR40 receptors that normally stimulate secretion of peptides that powerfully alter food intake, as well as by its action on the vagus nerve. We are currently pursuing this hypothesis using both in vivo and in vitro approaches. Our results to date have shown that MA blocks insulin secretion almost completely, even in the context of elevated blood glucose (70) and have found that MA blocks FA-induced GLP-1 secretion both in vivo and in vitro (61) .
It may be significant that effects of MA that we describe are opposite to the effects of FAs at the cellular level, as they are at the behavioral level. Fatty acids reduce food intake, in part, by capsaicin-sensitive vagal sensory mechanisms (22, 29, 49, 75, 76) . In agreement, while MA stimulates a feeding response, this response is also mediated by capsaicin-sensitive vagal sensory neurons (62, 63) . Interestingly, we found in related work using the same techniques employed in the present study that all neurons responsive to LA or GW9508 (n ϭ 96) were also responsive to capsaicin, although not all capsaicin-responsive neurons were responsive to LA or GW9508. The possibility that MA and FAs have opposite actions mediated by a common cellular mechanism and on a common neuronal population, as suggested here, is, therefore, consistent with what is currently known regarding the physiological substrates for these agents. Of additional interest is that decreased food intake produced by CCK is also dependent on capsaicinsensitive neurons (58) , thus defining an important subpopulation of neurons within the vagus nerve that are critical to nutrient and hormone-induced feeding cues.
Some laboratories have reported that MA does not stimulate feeding effectively in rats unless they are maintained on fatenriched diets (e.g., 64), raising the question of whether we would obtain different results in nodose neurons if our rats had been maintained on a fat-enriched diet. Although fat-enriched diets do enhance MA-induced feeding, we and others have previously reported robust effects of MA on food intake in rats maintained on a standard rodent diet (24) . Most importantly, MA was not without effects in the present work, but rather, produced very clear and potent effects on FA-induced Ca 2ϩ influx, even using the standard diet. Thus, it is possible that the apparently more robust effect of MA in animals fed fatenriched diets could result from the possible higher level of expression of GPR40 in animals on these fat-enriched diets.
The identification of FA receptors and elucidation of their participation in metabolic functions is a rapidly expanding field of investigation. In addition to GPR40, FA receptors of other types have been shown recently to participate in control of food intake and energy homeostasis (for reviews, see Refs. 25 and 68). For example, GPR40 and GPR120 both interact with longand medium-chain FAs. GPR120 has been shown to mediate FA-induced suppression of gastric ghrelin secretion (30, 45) . GPR84 interacts with medium-chain, but not long-chain FAs, while GPR41 and GPR43 interact with short-chain FAs, mediating a broad array of functions related to metabolism, inflammation, and disease (68) . GPR43 is expressed in adipocytes and functions during adipogenesis (14, 42) . Our present findings expand and complement this growing awareness of the diverse functions and mechanisms of FA signaling underlying energy homeostasis.
Results reported here show that calcium influx is increased in ϳ20 -25% of cultured nodose neurons by long-and mediumchain FAs and by GW9508, a GPR40 agonist. Although MA did not have an effect of its own on Ca 2ϩ influx, MA blocked the Ca 2ϩ response to both FA and GW9508 in nearly all neurons responsive to these agents. PCR results indicate that GPR40 is expressed in nodose ganglia. We draw three conclusions from these results: 1) that vagal afferent neurons are physiological targets for FA signaling; 2) that the direct effects of both FA and MA on vagal afferent neurons are mediated, at least in part, at the level of the cell membrane by GPR40; 3) that effects of MA and FA at GPR40 are directly antagonistic. Since GPR40 receptors influence insulin secretion and control secretion of gastrointestinal enteroendocrine peptides with vagally mediated effects that alter food intake, these findings support the novel hypothesis that MA may stimulate feeding by cumulative inhibitory effects on FA signaling at widely distributed GPR40 receptors. These results are foundational for a revised understanding of the "lipoprivic control" of feeding, which, since its discovery in 1986 (64), has been viewed as being based solely on reduced mitochondrial FA oxidation. Although the use of MA in previous studies of food intake has provided significant insights into the effects of fatty acid availability on appetite, it is clear from our present results that its mechanisms of action have not been completely understood and that interpretations of MA effects on food intake must now shift from oxidative metabolism to include G protein receptorcoupled signaling.
Perspectives and Significance
Studies examining the effect of fat on body weight homeostasis, food intake, and insulin sensitivity have largely focused on stored fat and on leptin's important role as an endocrine signal of adiposity. In contrast, in the present work, we examine FAs themselves as signaling agents and the possibility that MA interferes with that signaling function at the level of the cell membrane. Although further work is required, the present results expand our understanding of possible mechanisms and sites of action that may mediate MA-induced food intake. Fatty acid receptors, especially GPR40, are being aggressively pursued as therapeutic targets for treating obesity and diabetes (18, 21, 56, 65, 74) . Consequently, as a relatively inexpensive FA antagonist, MA will continue to be useful as a tool with which to study mechanisms through which circulating and intestinal FAs alter neuronal, enteroendocrine, pancreatic, and behavioral responses. Furthermore, this unexpected pharmacological effect of MA may point to the development of a new series of compounds that have antagonistic effects on GPR40 receptors, compounds that may find numerous therapeutic uses in diabetes, obesity, and other metabolic disease states.
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